INTRODUCTION
Severe acute pancreatitis (SAP) is a fatal abdominal disease and usually complicated with multiple organ dysfunction syndrome [1] . SAP-associated cardiac injury (SACI) occurs in some patients, and cardiac decompensation even causes death [2] [3] [4] . SACI frequently exhibits cardiomyocyte hypoxia, apoptosis and hypertrophy and can even lead to death [4, 5] . Recent studies have shown that the elevated levels of myocardial enzymes are associated with the severity and outcome of SAP [6] . Despite constant understanding of the pathogenesis of SAP and significant improvement in clinical management, the mortality rate remains high, and the incidence rate of related complications is still unacceptable. Therefore, it is necessary to develop novel treatment strategies for improving cardiac injury and outcomes in SAP patients.
In our previous clinical study, early abdominal paracentesis drainage (APD) effectively relieved or controlled the severity of SAP, and this treatment strategy was an important development and supplement for the minimally invasive step-up approach [7] . Through removal of pancreatitis-associated ascitic fluid (PAAF), APD exerts beneficial effects supported by a delay or avoidance of multiple organ failure, decreased mortality rate and no increase in infection in patients with SAP [8, 9] . Experimental evidence also indicates the effectiveness of APD treatment on SAPassociated lung and intestinal mucosa injury in rats [10, 11] . However, the effect of APD treatment on SACI and the potential underlying mechanisms are yet to be elucidated.
Recently, high mobility group box 1 (HMGB1), a DNA-binding intranuclear protein, has attracted increasing attention because of its vital role as a late mediator in lethal systemic inflammation [12, 13] . HMGB1 is derived from active secretion by activated macrophages and passive secretion by necrotic and apoptotic cells. Extracellular HMGB1 can trigger a lethal inflammatory process and participate in the development of multiple organ injury in SAP [14, 15] . It has been reported that serum HMGB1 level is significantly elevated in patients with SAP on admission and is positively related to severity of SAP as well as organ dysfunction and infection during the clinical course [16] . In particular, the level of HMGB1 in PAAF is higher compared with that in serum in experimental SAP, indicating that HMGB1 is first produced and released by the pancreas and peritoneal macrophages/monocytes during SAP [17] . In addition, HMGB1 plays an important role in the pathogenesis of cardiac dysfunction in many diseases. Active neutralization with anti-HMGB1 antibodies or HMGB1specific blockage via box A could prevent cardiac dysfunction in mice with ischemiareperfusion injury [18] , sepsis [19] and diabetic cardiomyopathy [20] . Therefore, we propose that APD treatment by draining PAAF may decrease the level of HMGB1 in serum, thereby exerting a protective role in SACI.
The role of oxidative injury in the development of SACI has been demonstrated [4, 21] . It is suggested that HMGB1 causes increased production of reactive oxygen species (ROS) through activation of nicotinamide adenine dinucleotide phosphate oxidase oxidases (NOXs) [22] . NOX acts as a major source of ROS in the heart in pathological conditions [23] . Our recent study has confirmed that NOX hyperactivity contributes to cardiac dysfunction and apoptosis in rats with SAP [24] . Despite these advances, whether APD influences oxidative stress via HMGB1-mediated cardiac NOX is not known.
Based on these findings, we hypothesized that APD treatment could protect rats from cardiac injury induced by SAP via antioxidative stress, through inhibiting HMGB1/NOX signaling. To test this hypothesis, we systematically investigated the role of APD treatment in SACI and determined whether HMGB1 plays a pivotal role during this treatment process.
MATERIALS AND METHODS

Reagents
The sodium taurocholate was purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany 
Animals and experimental design
Adult male Sprague-Dawley rats (weight, 200-220 g) were used in this study. The animals were purchased from Chengdu Dossy Animal Science and Technology Co. Ltd. (Chengdu, China). They were kept separately in an individually ventilated cage system maintained at 23 °C with a 12-h light/dark cycle and fed with standard laboratory food and water ad libitum for 3 d prior to the experiments. The animals were fasted overnight prior to the experiment but had free access to water. The experimental procedures were approved by the Institutional Animal Care and Use Committee at the Chengdu Military General Hospital and were conducted in accordance with the established International Guiding Principles for Animal Research.
In the first series of experiments, 45 rats were randomly divided into three groups of 15: sham operation, SAP and SAP + APD. The rats were anesthetized with 5% isoflurane (via an induction box) prior to surgery. The SAP model was induced by a standardized pressure-controlled retrograde infusion of 5% sodium taurocholate into the biliopancreatic duct at a rate of 12 mL/h using a micro-infusion pump (0.13 mL/100 g body weight); the microvascular clamp and puncture needle were removed after 5 min. The abdomen was closed according to the classical method of Chen et al [25] with modifications. In the SAP + APD group, a drainage tube connected to a negativepressure ball device was inserted into the lower right abdomen immediately following SAP induction ( Figure 1 ). Following the operation, all rats received 10 mL/200 g body weight of sterile saline by subcutaneous injection in the back to compensate for anticipated fluid loss. For the sham operation group, an incision was made in the abdomen and was subsequently closed. The animals were denied access to food or water for 24 h after the procedure. The second experiment was designed to determine whether cardiac NOX activated by HMGB1 was involved in the beneficial effects of APD treatment. Another 36 rats with mild acute pancreatitis (MAP) were used. MAP was induced by six consecutive intraperitoneal injections of cerulein (20 μg/kg at 1-h intervals) as previously described [21] . Fresh PAAF was aseptically obtained from the abdominal cavity of rats with SAP in the first experiment, and the sterile supernatant was collected after centrifuged at 4000 x g for 15 min at 4 °C. The rats with MAP were randomly divided into the following six groups of six: (1) Controls: rats were intraperitoneally injected with 8 mL saline solution; (2) PAAF injection (PI): rats were intraperitoneally injected with 8 ml of PAAF; (3) PAAF + anti-HMGB1 neutralizing antibody 50 μg (PIH 50): rats were intraperitoneally injected with 8 mL PAAF and 50 μg anti-HMGB1 neutralizing antibody; (4) PAAF + anti-HMGB1 neutralizing antibody 100 μg (PIH 100): rats were intraperitoneally injected with 8 mL PAAF and 100 μg anti-HMGB1 neutralizing antibody; (5) PAAF + anti-HMGB1 neutralizing antibody 200 μg (PIH 200): rats were intraperitoneally injected with 8 mL PAAF and 200 μg anti-HMGB1 neutralizing antibody; and (6) PAAF + control IgY 200 μg: rats were intraperitoneally injected with 8 mL PAAF and 200 μg control IgY. Nonimmune chicken IgY (Boster Biological Technology, Wuhan, China) acted as a control antibody for HMGB1 neutralization. Anti-HMGB1 neutralizing antibody (rabbit anti-HMGB1 monoclonal antibody) recognized rat HMGB1. The specificity and neutralizing activity of this antibody was confirmed by western blotting. PAAF and anti-HMGB1 neutralizing antibody were previously incubated at 36 °C for 30 min. Eight hours after the injections, rats were anesthetized, and blood and heart tissues were collected, immediately frozen and stored at -80 °C until use.
Echocardiography and blood pressure analysis
At 24 h after induction of SAP, all rats were anesthetized by 5% isoflurane, and echocardiography was performed using LOGIQ E9 ultrasound apparatus (GE, Boston, MA, United States) equipped with a 12-MHz transducer. Heart rate, left ventricular end-diastolic dimension and left ventricular end-systolic dimension were measured, and left ventricular ejection fraction and fractional shortening were calculated from M-mode recordings. Measurements were analyzed by a blinded observer, and all the results were averaged from five consecutive cardiac cycles measuring from the Mmode images. Following the measurements, blood pressure was assessed using the AD Instruments PowerLab system (Bella Vista, NSW, Australia). In the process of this measurement, a microtip catheter transducer (22G IV cannula; ShiFeng, Inc., Chengdu, China) was gradually inserted 2 cm into the right carotid artery. The signals were continuously recorded, and systolic and diastolic pressure were processed using LabChart 7 (version 7.3.7) analytical software. After completion of all the measurements, under strict aseptic conditions, PAAF was obtained from the abdominal cavity of rats with SAP, blood samples were collected from the ventral aorta, serum was obtained by centrifugation at 3000 rpm for 15 min at 4 °C and an appropriate number of aliquots were separated and stored at -80 °C until use. The pancreas and heart were quickly removed, and part of the pancreas and left ventricle were fixed in 4% paraformaldehyde or flash-frozen in liquid nitrogen until use.
Histological assessment
Twenty-four hours after SAP induction, the terminal pancreas and heart tissue samples were paraformaldehyde-fixed, paraffin-embedded and sectioned at 4 μm. The sections were then stained with hematoxylin and eosin. The slides were read by a consultant histopathologist blinded to the groups under Leica DM 3000 light microscope (Leica Microsystems GmbH, Wetzlar, Germany) with a digital photography system (Leica application suite, version 4.4.0). For the heart, we assessed interstitial edema, hemorrhage, neutrophil infiltration and contraction band necrosis [26] . For the pancreas, the severity of pancreatic injury was evaluated based on a 0-4 scoring method, the scores of several parameters including edema, fat necrosis, hemorrhage, inflammatory cell infiltrate and acinar necrosis [27] .
Tissue edema index
The heart was placed in a preweighed plastic bag, weighed again (wet), then samples were oven-dried at 57 °C for 48 h and reweighed (dry). The edema index was calculated as: Edema Index = Weight (wet)/Weight (dry).
Biochemical analysis
Serum HMGB1, TNF-α, endotoxin, IL-1β, creatine kinase-MB, cardiac troponin-I and HMGB1 in PAAF were detected using an enzyme linked immunosorbent assay kit (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer's protocol. The serum levels of amylase and lactate dehydrogenase were measured according to the manufacturer's instructions using an automatic biochemistry analyzer (TC6010L; Tecom Science Corporation, Jiangxi, China).
Measurement of oxidative stress and NOX activity
To determine the degree of oxidative stress in the heart, lipid peroxidation (LPO), superoxide dismutase (SOD) and reduced glutathione (GSH) were measured in heart homogenates. Heart tissue (0.1 g) was collected and homogenized in ice-cold normal saline (weight:volume = 1:9). The homogenates used for the determination of SOD activities and LPO and GSH levels were centrifuged at 3000 rpm for 10 min at 4 °C, and the supernatants were collected. SOD activity and LPO and GSH levels were measured with test kits (Nanjing Jiancheng Bioengineering Institute, China). To detect myocardial NOX activity, 0.5 g heart tissue was collected, washed with reagent buffer and then placed in cryogenic vials to stay overnight in liquid nitrogen. The next day, we ground the tissue into powder and added lysis buffer for 30 min under ice-cold conditions. After centrifugation at 10000 g for 10 min at 4 °C, the supernatants were collected. NOX activity in the samples was measured with test kits (Nanjing Jiancheng Bioengineering Institute). Protein quantification was performed using the Bradford method.
Detection of ROS generation by DHE fluorescence staining
ROS can oxidate DHE, which forms ethidium bromide. This will intercalate DNA, which will emit red fluorescence. Frozen rat heart tissues were analyzed using DHE. Myocardium cross-sections (10 μm) were incubated with DHE (5 μmol/L) in PBS in a light-protected incubator at 37 °C for 30 min. The sections were washed three times with PBS to remove excess DHE. Red fluorescence was assessed by fluorescence microscope (IX81; Olympus, Tokyo, Japan) with green light. The ROS content increased in proportion to the intensity of red fluorescence. Quantitative analysis of fluorescent images was performed with Image J (NIH, United States) software and expressed as arbitrary units of fluorescence.
Transferase-mediated dUTP nick end labeling assay
Myocardium frozen sections (10 μm) were used to detect the myocardial cells apoptosis with a terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay kit (Fluorescein in situ cell death detection kit; Boster biological Technology Co., Ltd., Wuhan, China). According to the manufacturer's instructions, all of the cells showed blue nuclear DAPI staining, but the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling positive cells display green nuclear staining. The stained slices were analyzed by laser-scanning confocal microscopy (Eclipse ti2; Nikon, Tokyo, Japan).
Fluorescent quantitative real-time polymerase chain reaction
Total RNA was extracted from heart tissue using TRIzol reagent (Beyotime Biotechnology, Shanghai, China), which is an RNA extraction kit. RNA purity and concentration were determined using the Thermo NanoDrop-2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, United States) at A260/A280 nm. The purity of RNA obtained was 1.8-2.0. The primers were synthesized by Sangon Biotech Co. Ltd. (Shanghai, China) ( Table 1 ). Reverse transcription of RNA and PCR amplification were performed with One Step SYBR PrimeScript TM RT-PCR Kit II (Takara Biotechnology, Dalian, China) by C1000 TM Thermal Cycler (Bio-Rad, Hercules, CA, United States). The cycling program was as follows: 5 min at 42 °C, 10 s at 95 °C, followed by 40 cycles of 5 s at 95 °C and 30 s at 60 °C and then dissociation. The reactions were quantified according to the amplification cycles when the PCR products of interest were first detected (threshold cycle, Ct). Each reaction was performed in triplicate. The expression of the transcripts was normalized to the levels of β-actin in the samples. Data were analyzed using CFX Manager TM Software 1.6 (Bio-Rad).
Western blotting
The proteins from the rat left-ventricular tissue or cells were extracted using a protein extraction kit (Nanjing Jiancheng Bioengineering Institute). The protein concentrations were measured using an enhanced BCA Protein Assay kit (Nanjing Jiancheng Bioengineering Institute). Equal amounts of protein for each sample were separated by SDS-PAGE in a minigel apparatus (MiniPROTEAN II; Bio-Rad). Then they were transferred to a 0.22-or 0.40-μm polyvinylidene difluoride membrane. Membranes were blocked with 5% nonfat milk in Tris-buffered saline/Tween 20 and were incubated overnight at 4 °C with anti-NOX2 (1:2000), anti-NOX4 (1: 5000), anti-Bax (1:2000), anti-Bcl-2 (1:1000), anti-caspase-3 (1:1000) and anti-GADPH (1:5000; loading control) antibodies. After incubation with horseradish-peroxidase-conjugated secondary antibody, Chemiluminescence Detection Reagent (Millipore, Billerica, MA, United States) was added drop-wise onto the membranes. Then the membranes were examined with the BioSpectrum4 apparatus (UVP, Upland, CA, United States).
Statistical analysis
All data are presented as mean ± SD and analyzed using SPSS version 18.0 (Chicago, IL, United States). Normally distributed data were compared using a one-way analysis of variance followed by the SNK test for multiple comparisons, and nonparametrically distributed variables were compared by the Mann-Whitney test with Bonferroni corrections. Values of P < 0.05 was recognized as statistically significant.
RESULTS
APD treatment alleviated cardiac injury induced by SAP in rats
To study the effect of APD treatment on cardiac injury in a sodium-taurocholateinduced SAP rat model, we examined cardiac histopathology, tissue edema index and cardiac-related enzymes. The sham group showed normal myocardial architecture, whereas SAP rats exhibited obvious structural and cellular changes, including myocardial degeneration, cellular edema and mononuclear infiltration (Figure 2A ). This result was consistent with early changes in myocarditis demonstrated by the histology severity score and tissue edema index ( Figure 2B and 2C). Compared with the SAP group, the cardiac lesion in the SAP + APD group was mild with normal structure, and the score and tissue edema index were lower than those in the SAP group. The serum levels of cardiac-related enzymes were sensitive and specific indexes to reflect cardiac lesions. Compared with the sham group, the serum levels of cardiac enzymes in the SAP groups increased significantly (P < 0.01) ( Figure 2D-2F ). However, the levels of cardiac enzymes in the SAP + APD group were significantly lower compared with those in the SAP group (P < 0.01), especially creatine kinase-MB and cardiac troponin-I, which are specific indexes of cardiac injury. These results suggested that APD treatment preserved histopathology and decreased the levels of cardiac-related enzymes.
APD treatment improved cardiac function in SAP rats
To evaluate the effect of APD treatment on cardiac functional abnormality caused by SAP, echocardiographic and hemodynamic changes were recorded 24 h after SAP challenge. Echocardiography was a sensitive indicator of cardiac function during SAP. Figure 3A -3F shows representative M-mode images and parameters from echocardiographic analysis. No significant differences were evidenced among the three groups in terms of left ventricular end-diastolic dimension. Compared with the sham group, increasing left ventricular end-systolic dimension was observed in SAP, but the increased level was attenuated by APD treatment. Heart rate, fractional shortening and ejection fraction decreased significantly after SAP challenge, but this was reversed with APD treatment. In the hemodynamic change evaluation, blood pressure was measured. Systolic and diastolic blood pressure were significantly reduced in the SAP group compared with the sham group ( Figure 3G and 3H ). APD treatment improved systolic and diastolic blood pressure at 24 h after SAP challenge. The results indicated that APD treatment attenuated cardiac function in SAP rats.
APD treatment alleviated oxidative stress in myocardium induced by SAP in rats
Given that NOX hyperactivity plays an important role in cardiac dysfunction in rats with SAP, we measured the effect of APD treatment on protein expression of NOX2 and NOX4 in myocardial tissue in SAP rats. Western blotting manifested that NOX2 and NOX4 in the myocardium were significantly increased in SAP compared with the sham group, in accordance with enhanced activity of NOX ( Figure 4 ). APD treatment markedly decreased expression of NOX2 and NOX4. These results were further confirmed by assessing DHE oxidation in which a remarkable increase in ROS production was noted in myocardial tissue in SAP group compared with the sham group. APD treatment resulted in a decrease in ROS level in the sham group compared to the SAP group. Given that accumulated ROS can cause oxidative damage, we found an increase in LPO level and a decrease in SOD activity and GSH level in line with the observed changes in ROS content in the SAP group. After treatment with APD, the SOD activity and GSH level in the SAP + APD group were higher and the LPO level was lower than in the SAP group. These data suggest that APD treatment reduced ROS production and oxidative damage in the heart induced by SAP.
APD treatment reduced myocardial cell apoptosis and expression of apoptosisrelated proteins
Given that the degree of myocardial apoptosis secondary to oxidative stress reflects the extent of myocardial injury, we used terminal deoxynucleotidyl transferasemediated dUTP nick end labeling to measure myocardial cell apoptosis. The apoptotic index was significantly increased in the SAP group (26.36 ± 4.54 vs 0.0 ± 0.0, P < 0.01) compared with the sham group ( Figure 5A) . APD treatment induced a significant decrease in apoptosis (6.35 ± 2.19 vs 26.36 ± 4.54, P < 0.01) in the sham group compared with the SAP group. Furthermore, apoptosis-associated protein expression was analyzed by western blotting. APD treatment downregulated the levels of proapoptotic Bax and cleaved caspase-3, and upregulated antiapoptotic Bcl-2 levels ( Figure 5B-5E ). These results confirmed that APD treatment relieved myocardial injury in SAP rats.
APD treatment attenuated pancreatic injury and decreased inflammatory indexes in SAP rats
Considering that the key feature of acute pancreatitis is damage to the pancreas, we evaluated the effect of APD treatment on pancreatic injury and inflammatory indexes in SAP and measured changes in pancreatic histopathology, amylase activity and levels of proinflammatory cytokines. For pancreatic histopathology, hematoxylin and eosin-stained sections of rat pancreas tissue were analyzed. The sham group exhibited normal pancreatic structures while the SAP group displayed notable morphological changes with large areas of tissue necrosis and inflammatory infiltration, supported by the histological severity scores ( Figure 6A and 6B) . Compared with the features of the SAP group, the pancreatic damage in the SAP + APD group was significantly alleviated with a lower severity score. Furthermore, as shown in Figure 6C -6F, the serum amylase activity and levels of IL-1β, TNF-α and endotoxin in the SAP group were significantly increased compared with those in the sham group (P < 0.05). APD treatment after SAP induction resulted in a marked decrease in the levels of these indexes (P < 0.05).
APD treatment decreased the levels of serum HMGB1 by removing PAAF
Given that HMGB1 acts as a key inflammatory mediator and plays an important role in the course of lethal systemic inflammatory response and distant organ injury, we compared the levels of HMGB1 in PAAF and serum samples with or without APD treatment. Twenty-four hours after SAP induction, we found that serum HMGB1 level was significantly higher than that in sham rats. HMGB1 level in PAAF was higher than that in serum ( Figure 6G ). The results were consistent with previous studies, suggesting that HMGB1 is produced and released by the pancreas and peritoneal macrophages/monocytes in response to inflammatory mediators during SAP. Because APD treatment is a strategy for removing PAAF directly, we predicted that it would reduce the circulating concentration of HMGB1. As expected, serum HMGB1 level in SAP + APD rats was markedly reduced compared with that in the SAP group ( Figure 6G ). These data demonstrated that APD treatment, by removing PAAF, significantly decreased the serum level of HMGB1 in SAP rats, suggesting that HMGB1 signaling is responsible for the cardioprotective effects of APD.
Decreased HMGB1 level by APD treatment resulted in reduced NOX expression
HMGB1 plays an important role in the pathogenesis of cardiac injury in many diseases; therefore, we determined whether HMGB1 in PAAF affected cardiac NOX expression. We intraperitoneally injected PAAF or PAAF + anti-HMGB1 neutralizing antibody (PI and PIH groups, respectively) and investigated the expression of NOX in heart samples from rats with MAP. We measured the serum level of HMGB1 after intraperitoneal injection of PAAF, with or without HMGB1 neutralizing antibody. The circulating level of HMGB1 in the PI group was significantly higher than that in the control group, suggesting that HMGB1 in PAAF could enter the bloodstream ( Figure  7A ). With the injection of HMGB1 neutralizing antibody into PAAF, we observed that when the dose was increased to 200 μg, the serum level of HMGB1 was significantly decreased compared with that in the PI group. Next, we examined the influence of HMGB1 in PAAF on mRNA and protein expression of NOX2 and NOX4 from the heart ( Figure 7B ). Eight hours after injection, the mRNA and protein expression of NOX2 was significantly increased in the PI group compared with the control group, while only NOX4 mRNA expression was affected. The effects on expression in the PAAF + control IgY 200 μg group were similar to those in the PI group. In the 200 μg HMGB1 neutralizing antibody group, mRNA expression of NOX2 and NOX4 and protein expression of NOX2 was reduced compared with that in the PI group. These results demonstrated that high concentration of HMGB1 in PAAF could lead to NOX overexpression, and the decreased HMGB1 level caused by APD treatment results in reduced NOX expression. Based on the above findings, we propose a schematic diagram for the possible mechanism behind the effect of APD on SACI (Figure 8 ). Once SAP occurs, HMGB1 is mainly released from injured pancreas and peritoneal macrophages/monocytes. High levels of HMGB1 in the bloodstream can trigger a lethal inflammatory process and participate in the development of remote organ injury in SAP. Following APD treatment, the levels of HMGB1 in the circulation decreased significantly, resulting in inhibition of expression and activity of cardiac NOX, which can effectively alleviate apoptosis via downregulating ROS production and thereby protecting against SACI.
DISCUSSION
In the present study, we provided the first evidence that APD treatment exerts a beneficial effect on SACI. Our key findings were that: (1) APD treatment decreases the serum levels of cardiac enzymes and improves cardiac function; (2) APD treatment alleviates cardiac oxidative stress and accompanied cardiomyocyte apoptosis; and (3) the beneficial effects of APD treatment in ameliorating SACI are due to the inhibition of oxidative damage via downregulating HMGB1-mediated expression of NOX. Our data show that APD is a promising treatment in SACI.
SAP is a dangerous and lethal acute abdominal disease. PAAF is a common local complication and is important in the progression of systemic inflammatory response during SAP [28] . PAAF causes elevated intra-abdominal pressure and aggravates abdominal viscus injuries. Moreover, the toxic substances in PAAF can be reabsorbed into the circulation to amplify the systemic inflammatory response and induce distant organ injury [28] . Therefore, any strategies or methods to remove PAAF may be effective in treating SAP and its related complications. In our previous studies, we discovered that APD treatment exerts beneficial effects on patients or animals with SAP [7, 10] . Our results demonstrated early APD could effectively relieve or control the severity of SAP without increase in infection rate, improve tolerance of enteral nutrition and reduce intra-abdominal pressure [9, 29, 30] . It was an important development and supplement for the minimally invasive step-up approach with important clinical implications.
SAP is usually complicated with multiple organ injury [31] . Cardiac injury is an important cardiovascular complication, and cardiac decompensation even causes death. In this study, we produced a well-characterized SAP-induced cardiac injury model by retrograde injection of 5% sodium taurocholate, as described previously with some modifications [25] . SAP was demonstrated by morphological changes, hemodynamic and echocardiographic abnormalities, elevated cardiac enzymes, increased LPO production and myocardial cell apoptosis. Unlike other system failures during SAP that have been extensively studied, cardiac injury and intervention for preservation of heart function have been less emphasized in the management of SAP. Thus, we assessed the effect of APD treatment on SAP-evoked myocardial injury and explored the potential mechanisms. Through a series of animal experiments, we found that APD treatment markedly improved histopathological changes in the heart tissues and reversed the alterations in serum cardiac enzymes and cardiac dysfunction. The serum levels of lactate dehydrogenase, creatine kinase-MB and cardiac troponin-I in SAP rats were significantly decreased following APD treatment, indicating the cardioprotective effect of APD induced by SAP. In line with the above findings, morphological changes indicative of cardiac injury that occurs in SAP, including disruption of myocardial fibers, cellular edema and intensive infiltration, were markedly alleviated following APD treatment. Preserving near normal heart tissue architecture will yield beneficial effects to maintain near-normal heart function, which was reflected by near-normal hemodynamics and echocardiography in SAP rats receiving APD treatment. These results indicate the important contribution of APD treatment to myocardial injury in SAP models.
Oxidative stress is a key contributor to the initiation and progression of SAPinduced remote organ injury [32] . Oxidative stress is inseparable from abnormal activation of oxidases [33] . Recent studies have indicated that NOX makes a major contribution to ROS generation, mediates ROS in the heart and then increases in response to various stimuli [34] . The present study was prompted by our previous finding that NOX hyperactivity was present in the heart of SAP rats and could cause oxidative injury and increase myocardial cell apoptosis and that inhibition of NOX had a protective effect against cardiac injury induced by SAP [24] . We hypothesized that the cardioprotective effect of APD treatment was achieved through ameliorating oxidative injury via the modulation of NOX. When measurements were implemented at 24 h after SAP induction, treatment with APD significantly decreased protein expression and activity of NOX in the heart. This was supported by the decreased ROS production and LPO level and increase in SOD activity and GSH level in heart tissues in the APD-treated group. Furthermore, myocardial cell apoptosis secondary to oxidative stress that accounts for contractility declines was also observed in SAP rats at 24 h [35] . APD reduced the number of myocardial cell apoptosis and modulated the expression of apoptosis-related proteins. As shown in this study, the expression levels of proapoptotic markers, i.e. cleaved caspase-3 and Bax, were markedly decreased, whereas the expression of antiapoptotic marker Bcl-2 was increased in the heart tissues of SAP rats following APD treatment. These data demonstrated that APD treatment alleviated oxidative stress damage and myocardial cell apoptosis induced by SAP. However, it is unclear how the elimination of PAAF via APD treatment reduces cardiac NOX. A possible explanation is that APD decreases the levels of some lethal factors that can act on cardiac NOX.
Oxidative stress has a direct relationship with systemic inflammatory response during SAP [36] , which may involve some proinflammatory cytokines. Recently, extracellular HMGB1 was identified as a novel proinflammatory cytokine, which could trigger a lethal inflammatory process and participate in the development of pancreatic and remote organ injury in SAP [12, 14] . Accumulated evidence indicates that the level of serum HMGB1 is significantly elevated in patients with SAP and SAPinduced animal models and is positively related to the outcome of SAP as well as organ dysfunction [16, 17] . Meanwhile, HMGB1 plays an important role in the pathogenesis of cardiac dysfunction in many diseases, such as ischemia-reperfusion injury, sepsis and diabetic cardiomyopathy [12, 37, 38] . Thus, increased HMGB1 may have a detrimental effect on the heart in SAP. In our present study, we found that serum levels of HMGB1 increased in SAP rats, and it was noteworthy that the level of HMGB1 in PAAF was higher than that in serum of the sham group. In light of the fact that the key feature of acute pancreatitis is damage to the pancreas, our results regarding the beneficial effects of APD on pancreatic injury were consistent with previous studies, suggesting that HMGB1 was first produced and released by the pancreas and peritoneal macrophages/monocytes in response to inflammatory mediators during SAP. As a treatment strategy to eliminate PAAF, APD not only improves pancreatic histopathology in SAP but also regulates the polarization of peritoneal macrophages [39] . Therefore, it is reasonable to conceive that APD could decrease HMGB1 level in the circulation. As our results showed, there was a significant decline in serum HMGB1 level following APD treatment in the sham group compared with the SAP group. In addition, active neutralization with anti-HMGB1 antibodies or HMGB1-specific blockage via box A could prevent cardiac dysfunction in mice with ischemia-reperfusion injury, sepsis and diabetic cardiomyopathy [18] [19] [20] . Taken together, these results imply that downregulated HMGB1 is involved in the beneficial effects of APD in SACI.
To confirm that the decreased level of serum HMGB1 induced by APD can alleviate the hyperactivity of cardiac NOX, we intraperitoneally injected PAAF, with or without anti-HMGB1 neutralizing antibody, into rats with cerulein-induced pancreatitis. Eight hours after PAAF injection, the circulating level of HMGB1 in the PI group was significantly increased compared with that in the control group, suggesting that HMGB1 in PAAF can enter the bloodstream in MAP. Correspondingly, mRNA expression of NOX2 and NOX4 and protein expression of NOX2 were significantly increased. When the dose of anti-HMGB1 neutralizing antibody increased up to 200 μg, we observed that NOX mRNA and NOX protein expression decreased more than in the PI group. The important findings were consistent with previous studies that HMGB1 increases ROS production through activation of NOX. However, HMGB1 acting on cells must pass through some membrane receptors, such as Toll-like receptor (TLR) 4, which is the first target activated by extracellular HMGB1 to induce deleterious effects and is highly expressed in the heart [40] . In addition, TLR4-NOX interaction is suggested to participate in the pathogenesis of myocardial injury by activating multiple signaling pathways. For example, LPS-induced cardiac dysfunction is regulated by autophagy and ROS production in cardiomyocytes via the TLR4-NOX4 pathway [41] . As for SAP, whether TLR4 is also involved in HMGB1-induced cardiac NOX hyperactivity is still unclear, and future studies should be carried out.
Our results reveal that APD treatment ameliorated myocardial injury and improved cardiac function in a rat model of SAP. The cardioprotective effects of APD treatment are potentially due to the inhibition of oxidative stress by downregulation of HMGB1-mediated expression of NOX. This study suggests a novel mechanism underlying the effect of APD on SAP and related complications.
ARTICLE HIGHLIGHTS
Research background
Severe acute pancreatitis (SAP) is a fatal systemic disease usually complicated with multiple distant organ injury. Among the distant organ injury, SAP-associated cardiac injury (SACI) occurs in a variable proportion of patients, and cardiac decompensation even causes death. Despite constant understanding in the pathogenesis of SAP and significant improvement in clinical management, the mortality rate remains high and unacceptable. In our previous study, early abdominal paracentesis drainage (APD) was found to effectively relieve or control the severity of SAP and maintenance of organ function through removing pancreatitis associated ascitic fluids (PAAF). However, the effect of APD treatment on SAP-associated cardiac injury and the possible mechanism are yet to be elucidated.
Research motivation
Inflammatory mediators exert a vital role in the initiation and progression of SAP in the early stage. High concentration of high mobility group box 1 (HMGB1) in the pancreatitis associated ascitic fluids has been confirmed. Thus, we want to further study whether HMGB1 in ascites is related to SAP-associated cardiac injury, which may be a novel mechanism behind the effectiveness of APD on SAP.
Research objectives
The aim of this study was to determine the protective effects of APD treatment on SAPassociated cardiac injury and explore the potential mechanism.
Research methods
In the present study, SAP was induced by 5% sodium taurocholate retrograde injection in Sprague-Dawley rats. Mild acute pancreatitis was induced by six consecutively intraperitoneal injections of cerulein (20 μg/kg rat weight). APD was performed by inserting a drainage tube with a vacuum ball into the lower right abdomen of the rats immediately after SAP induction. Morphological staining, serum amylase and inflammatory mediators, serum and ascites HMGB1, cardiac-related enzymes indexes and cardiac function and oxidative stress markers were performed. Cardiomyocyte apoptosis was detected by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling. Nicotinamide adenine dinucleotide phosphate oxidase (NOX) mRNA was identified by real-time polymerase chain reaction. Apoptosis-associated proteins and protein expression of NOX were measured by western blot.
Research results
APD notably improved pancreatic and cardiac morphological changes, attenuated the alterations in serum amylase, inflammatory mediators, cardiac enzymes and function, reactive oxygen species production and oxidative markers, alleviated myocardial cell apoptosis, reversed the expression of apoptosis-associated proteins, downregulated HMGB1 level in serum and inhibited NOX hyperactivity. Furthermore, the activation of cardiac NOX by pancreatitis associated ascitic fluids intraperitoneal injection was effectively inhibited by adding anti-HMGB1 neutralizing antibody in rats with mild acute pancreatitis.
Research conclusions
APD treatment could exert cardioprotective effects on SAP-associated cardiac injury through suppressing HMGB1-mediated oxidative stress.
Research perspectives
Our study provided new evidence of the efficacy and safety of APD treatment on SAP and revealed a novel mechanism behind the effectiveness of APD on SAP. However, in this study we still do not know how HMGB1 modulates NOX under SAP conditions. In the next experiments, we should detect the expression profile of HMGB1 receptor protein in the heart and utilize a special receptor protein knockout model to clarify the precise mechanisms.
